Measurement and simulation of microwave noise transient of InP/InGaAs DHBT with polyimide passivation is reported in this paper for the first time and is believed to contribute to the overall broadband shot noise. This work provides a better insight into the noise transient mechanism of InP HBTs due to polyimide passivation and can be used to improve the device and circuit reliability.
INTRODUCTION
In recent years, many investigations have been conducted to study the effects of surface passivation on the performance of InP-based HBTs [1] [2] [3] . The device passivation and protection for InP HBTs rely on the dielectric films such as silicon nitride, silicon oxide or polyimide. For InP-based HBTs, polyimide was found to induce the least degradation as compared to SiN X and SiO 2 [4] , and thus has been widely used for passivation and planarization of InP HBTs [5, 6] . However, we have recently observed a current transient and current gain instabilities in InP/InGaAs HBTs induced by polyimide passivation layer [7] . The causes of the current transient have been carefully investigated. It was found out that, in the HBTs covered by polyimide, static charges may accumulate in the polyimide film or at the interface. The trapping and detrapping of static charge in the polyimide at the interface causes the change of surface potential at the base-emitter junction perimeter causing base and collector current transients. However, in [7] , the studies were limited to the effect of DC characteristics such as base current and DC gain. No investigation was made for the effect of the polyimide passivation on the device microwave performance. For example, the change of surface potential induced by electron trapping and de-trapping may induce the change of the wide-band shot noise.
This paper describes the measurement of microwave noise transient of InP-based HBTs. Moreover, in order to gain a fundamental understanding of the effect of current transients on the noise characteristics, a simulation method for noise figure transient is also presented. The change of dc base and collector currents caused by the trapping & de-trapping in the polyimide film were measured under higher collector current. A function of second order exponential decay with two-timeconstants was used to fit the transient currents. And the noise figures transient measurements were demonstrated using the commercial noise measurement system NP5. The simulated transient noise results, which were obtained based on the measured dc transient currents, are also presented. As noise transients of devices are harmful for the stability of circuits in many communication systems, the understanding of the mechanism for the noise transient of the InP HBTs is very useful to improve the reliability of the devices and circuits.
DC CURRENT TRANSIENT MEASURMENT
The InP DHBT device with 5x10µm 2 emitters and self-aligned base electrodes were investigated under room temperature. Device dc characteristics and current transient were measured using a HP 4156B semiconductor parameter analyzer and cascade microwave probe.
A. Base Current Transient
The phenomenon and its physical mechanism of the base current transient were presented in [7] . For a device with constant base and collector voltage biases, the intrinsic base and collector currents may instantaneously reach its steady value when the device is turned on. However, the total base current (I B = I B0 + I Be (t) ) decays slowly due to the decrease of excess base current induced by the change of the electric field in the polyimide caused by the electron detrapping. This will result in the decrease in the corresponding noise figure due to a decrease in the wide-band shot noise with the decrease of the transient dc-current. To study the dc-current transient effect on the noise figure transient, the dc-current transients of the HBT were measured. Fig.1 shows the base current transient with emitter size of 5x10µm 2 at V BE = 0.665V, and 0.685V and the base-collector voltage (V BC ) was fixed at -1.0V and each measurement was set to last 27.5 seconds and step time of 0.67s. In order to make sure the empty traps can be fully recharged, an interruption time as long as 1200s was set between measurements. It is obvious from Fig. 1 that the base current increases with increasing base voltage (V BE ), while the time taken for the base current to decay to steady state becomes shorter. This indicates that the electron detrapping from the polyimide traps may have an electrical field dependence, which provides evidence that the electron detrapping could be through tunneling process [7] . In fact, it has been found that the electrons are distributed in the polyimide film within the range of 1 nm from the interface. When base bias voltage increases, the electric field near the base-emitter junction perimeter at the polyimide-emitter interface in the polyimide films increases. Thus the time for the trapped electrons to escape from the polyimide decreases thus induce a shorter detrapping transient time constant. Assuming the trapped electrons distributed in the polyimide film with different distance from interface have different detrapping time constants, thus the base current transient should obey multi-order exponential decay, e.g. multi-time-constant. In order to simplify the calculation, the function of second order exponential decay with two-time-constants was selected to fit the current transient [8] . The expression is given by 
where I B (t) is the total base current; I B0 is the steady state base current; I B1 , and I B2 are the first order and second order base detrapping transient currents, respectively; and τ 1 and τ 2 are the first order and second order base detrapping transient time constants, respectively. We can see that the experimental data can be fitted very well by using the two-time constants approach.
B. Collector Current Transient
In the InP-HBTs, the device junction surfaces are covered by polyimide, the charge exchange may happen at the polyimide/semiconductor interface. The net result of the charge exchange is the accumulation of the charge near the basecollector junction. These result in the surface potential of the sidewall of base-collector junction. It is noted that the inversion occurs on the surface of lower n-type doping concentration of collector (5x10 15 cm -3 ) under a surface potential. These indicate that there is a parasitic polyimide field induced leakage path along the surface of the base-collector [9] . This leakage patch can be treated as a parasitic ployimide field effect transistor (ppFET), and the effective channel length of this device is close to the depletion width of the base-collector junction. The root cause of the change in the surface potential on the sidewall of the base-collector is similar to that of base-emitter junction. The surface potential is related to the electron trap density in the polyimide film as well as the bias voltages. When the base-emitter voltage of the device increases, the surface field near the base-collector which causes the electrons detrapping from polyimide traps may also increase, thereby results in the difference in the time constants. Fig. 2 shows the collector current versus time with emitter size of 5x10µm 2 at V BE = 0.665V and 0.685V, respectively, and the base-collector voltage (V BC ) was fixed at -1.0V. Again, we also selected the function of second order exponential decays to fit the curves of the base current transient. The expression is given by: where I C (t) is total base current; the I C0 is the steady state collector current; I C1 , and I C2 are the first order and second order collector spurious transient currents, respectively.
MICROWAVE NOISE TRANSIENT MEASUREMENT
The microwave noise parameters were measured on-wafer from 2-20 GHz using an ATN-NP5 Noise Parameter Measurement system, an HP8970C noise figure test set, an HP8970B noise figure meter, and an HP8510C network analyzer. The noise figure and associated gain of the device under test were measured at various impedance matching and DC bias conditions. Next, the minimum noise figure, noise resistance and the optimal source impedance (NF MIN , R N , G OPT and B OPT ) were extracted from the measured noise figures at a particular DC bias. As it commonly known, the change of DC-currents results in the change of noise figure. Thus the DC-current transient will result in the noise figure transient. Therefore, to accurately measure the steady state S-parameters and noise parameters, the interruption time between two measurements was set to as long as 1200 seconds for the device to stabilize under constant base and collector biasing voltages. The steady state noise parameters (NF MIN , R N , G OPT and B OPT ) with emitter size of 5x10µm 2 at different constant voltage bias conditions were measured. The optimal source impedance (0.622∠ 31.3°) at frequency of 10GHz and V BE = 0.685V and V CE = 1.5V indicates that the value is very close to a given solid-state impedance point of the solid-state tuner (0.620∠ 29.0°). At these bias conditions, the steady state minimum noise figure is about ~ 1.9 (2.78 dB), the steady state associated gain is about ~ 5.5dB and the steady state noise resistance is about ~76.5Ω. Thus, the existing solid-state impedance (0.620∠29.0°) was chosen as the source impedance under user pro-selected mode in ATN NP5 for the same biasing condition. After turning on the device and waited as long as 1200s for making sure the empty traps can be fully recharged, the s-parameters measurements were made followed by the noise figures measurement and then the device was turned off before starting the next set of measurement. It is noted that the ATN NP5 software needs a time of 0.67s for each noise figure measurement. The measured results indicated the noise figure decreased from 2.1 (3.22 dB) to 1.9 (2.78 dB) with the time from 2.01s to 27.48s and the step time is about 0.67s, but the associated gain was almost maintained at ~ 5.5dB. The measured optimal source impedance at frequency of 10GHz and V BE = 0.665V and V CE = 1.5V is 0.630∠ 42.3°. This is also very close to the solid-state impedance of the solid-state tuner (0.620∠ 29.0°) and the noise figure decreased from 2.7 (4.31 dB) to 2.1 (3.22 dB). Fig. 3 shows the time dependence of transient noise figures at different V BE = 0.665V, and 0.685V, respectively, and V BC = -1.0V for emitter size of 5x10µm 2 . It is obvious that the time constant of noise figure transient at lower base voltage (V BE ) is longer than the one of higher (V BE ).
SIMULATION RESULTS
Under constant voltage bias conditions, the intrinsic device reaches the steady state very fast. But the excess transient currents on the surfaces of the base-emitter and the sidewall of the base-collector induced by the surface potential reach to them highest values very fast, respectively, then decay slowly. Therefore, the device noise is consisting of the steady state current shot noises, the thermal noises and the excess base and collector transient current shot noises. Following the noise calculation procedure of [10] , the minimum noise figure can be calculated. Fig. 3 shown that excellent agreement was obtained between the measured and simulated transient results. This indicates that it is more accurate and convenient to predict the transient of the noise figure based on the steady-state small-signal equivalent circuits and the transient DC-base and collector transient currents.
SUMMARY
The noise transient of InP HBT with polyimide passivation was investigated experimentally under constant voltage bias conditions at 10 GHz. The base and collector transient currents induced by the surface potential in the polyimide film were measured for the transient shot noise calculation. The simulated results are in good agreement with the measured results. The time dependence of microwave noise figures due to the excess transients is investigated. We have also demonstrated that the experimental results can be well predicted by simulations. As to the selection of the bias conditions for device applications, tradeoffs between the noise transient and the noise figure should be taken into account. This work provides a better insight into the noise transient mechanism of InP HBTs due to polyimide passivation and can be used to improve the device and circuit reliability. Fig. 1 The base current against time with emitter size (5x10µm 2 ) at V BE = 0.665V and 0.685V and the base-collector voltage (V BC ) was fixed at -1.0V (the symbol lines are the measured data and the solid lines are the fit data). 
